I. INTRODUCTION
In the past several years, there has been a great interest to develop clothed human thermal models. The models are very useful tools to design functional clothing and environment control system. Although the physiologists and engineers who developed those entire body thermal models employed a variety of approaches, all of them can be characterized in terms of the following classification: the lumped parameter thermal model and multi-element thermal model [3, 4] . The lumped parameter thermal model, such as the two or multi-node model [1, 2] , can provide prediction results with certain accuracy, but the models assume that each node has uniform temperature, and the influences of spatial tissue temperature gradients in the angular and axial directions on heat transfer are ignored. In the multi-element thermal models, the human body is divided into several body parts, or elements, but unlike multi-node models, no further nodes or layer are employed in each element, such as Smith's model [3] and Fu's model [4] . The energy balance equation, which normally is the unsteady-state bio-heat equation, is established for each body part along with the control equations for blood flow rate, shivering metabolic rate, sweat rate, etc. Therefore, for the multi-element models, the assumption of uniform nodal temperatures, which was used in the lumped parameter thermal models as mentioned before, is no longer applied. Because of this reason, multi-element models usually give better results than the lumped parameter thermal models, especially for the situations where a large temperature gradient exists in the human body, such as cold stress or highly nonuniform environmental conditions. Although the finite element method can provide some possible ways to lift prediction accuracy of multi-element model by increasing grid numbers, it limited prediction accuracy that the body part was simplified as cylinders in the existed multielement models (such as Smith's and Fu's models). According to the human anatomic data Werner J. and Buse M. [5] built a complex 3-D model, and the equations were solved by the finite difference method. They found that the temperature profiles within the human body are highly dependent on the geometry and inhomogeneity of the body. Also the geometry of human body is a very important influence factor for heat exchange between human body and environment. So a more realistic geometry of human body for lifting prediction accuracy of human body thermal model is necessary. These models mentioned above have a consistent feature: predominant attention was paid to the physiological aspects of the human body itself, and consequently the dynamic coupled heat and moisture transfer from the clothing system did not receive sufficient attention. The heat and moisture transfer inside the clothing system was still simply modeled as a singleor multi-layer static thermal and moisture resistance network [11, 12, 13] . These simplifications can hardly describe the complicated physical mechanism of heat and moisture transfer inside the clothing system.
In order to overcome these weaknesses and lift the prediction accuracy of the model, we develop a new transient 3-D clothed human body model considering more realistic geometry of human body and more realistic mechanisms of coupled heat and moisture transfer in clothing. Based on the finite element method a transient 3-D clothed human thermoregulation model is developed. Geometry information of human body is obtained by 3-D scanning data. The controlled system of human body includes three sub-systems which are the tissue system, the circulatory system, and the respiratory system. The 6-node wedge and 8-node block isoparametric elements are used to simulate the human body tissues. The mechanisms of coupled heat and moisture transfer in clothing are considered. Then, the human model is interfaced with the clothing model by using the boundary conditions, and the equations of the models are solved by finite element method. Finally, the nude and clothed human body model predictions are compared with the published experimental data at a variety of ambient conditions, and a series of 3-D figures to show the prediction results of the temperature and water vapor concentration distributions is given.
II. MATHEMATICAL MODELS

A. Human Thermoregulatory Model
In the Fu's thermal model [4] the controlled system of the human body includes three sub-systems, namely the tissue system, the circulatory system, and the respiratory system. Here, the method to establish the circulatory and respiratory systems is same as the Fu's work, but unlike the Fu's model, the assumption of the cylinder segment is not applied in the tissue system. The outer geometry shape of the human body is taken from the 3-D scanning data. The tissue system contains different tissue compartment: brain, abdomen, lung, head bone, abdomen and neck bone, muscle, fat and skin in different body segment. And the ratio of tissue distributions and physical parameters in different body segment are taken from Smith's model [3] , and tissue mesh is generated according to the ratio. Unlike Smith's model [3] , all tissues are connected between adjacent body segments, except that between the trunk and legs. As shown in Fig.  1 , the tissue system is divided by the general 6-node and 8-node finite elements to simulate the tissues at the segments' center and the other positions of the segments, respectively. . (1) The term on the left-hand side of the above equation is the rate of accumulation of thermal energy per unit volume due to the changing temperature of tissue. This quantity equals the sum of the six terms on the right, which represent, in order, the net rate of conduction of heat into a unit volume, the rate at which heat is carried into the volume by capillary blood (perfusion), the rate of heat generation by metabolic reactions, the rate at which heat is transferred from the blood in large arterial vessels to the tissue, the rate at which heat is transferred from the blood in large venous vessels to the tissue, and the rate at which heat is transferred from the respiratory system to the tissue. The last term on the right side only appears in the head, neck and torso, i.e., 1 = α , for other parts of the body, 0 = α . The convection, radiation and evaporation occur simultaneously at the skin surface. The boundary condition at the skin surface can be expressed as: (2) where, λ lg is the latent heat of vaporization, H t1 in combined heat transfer coefficient including convective and radiation heat transfer, which are functions of the surrounding conditions, T cl, 0 is the inner surface temperature of clothing if there exists the clothing, else it is the ambient temperature. m"is the rate at which moisture evaporates from the skin. The last term in (2) denotes the heat flow due to the evaporation of liquid water in clothing. If no clothing exists near the skin, this term is zero.
Smith [3] considered the core and mean skin temperatures as the dominate variables in determining the human thermoregulatory functions, then by using available experimental data, she developed thermal control governing equations for the variation of skin blood vessel radii during vasomotor response, the sweat rate, the shivering metabolic rate and the cardiac output as functions of core and mean skin temperatures. More detailed information for the controlling system can be found in the Ref [3] .
B. Heat and Moisture Transfer in Clothing
The heat and moisture coupled model is used to describe the clothing system in this paper. It is presented by Li and Zhu [6] . Here, we extend the equations from 1-D to 3-D. The mass balance of water vapor can be expressed as:
Here, ε a , ε f are the volumetric fractions of air filling inter-fiber space and fibers, respectively, C a is the water vapor concentration in the air filling inter-fiber space, Г f is the total moisture sorption rate of the fibers, ξ 1 is the ratio of the water vapor sorption rate to total moisture sorption by the fiber. D a is the diffusion coefficient of water vapor in air, τ a is the effective tortuosity of water vapor through the fabric, and Г lg is the liquid water evaporation rate in the clothing.
The mass balance of liquid water can be expressed as:
Where, ρ l is the density of liquid water, ε l is the volumetric fractions of liquid water, D l is the diffusion coefficient of liquid water, τ l is the effective tortuosity of the liquid water through the fabric, ξ 2 is the ratio of the liquid water sorption rate to total moisture sorption by the fiber, and a is the gravity impact factor.
And the energy balance of the clothing is:
where, Tcl is the clothing temperature, cv and kmix represent the volumetric heat capacity of the fabric, and the thermal conductivity of the clothing, λv and λl are the sorption heats of water vapor and liquid water by fibers, which are functions of the water content of the fibers, respectively. λlg is the evaporation latent heat of the liquid water.
C. Boundary Conditions
At the inner surface of the clothing system the flux of heat and moisture transfer can be expressed as follows:
( )
where, H t1 is the combined heat transfer coefficient including conduction or convective and radiation heat transfer. In inner air layer, there are parallel paths for dry heat flow, one by conduction through the air and one by radiation between the fabric surfaces. C a * is saturated vapor concentration which is a function of clothing temperature. C ask is the water vapor concentration on the skin surface. h lg is evaporation coefficient of the liquid water.
At the outer surface of the clothing, the heat exchange involves the thermal radiation effect, as well as the convective heat transfer. For moisture transfer, both convection and evaporation/condensation happen at the outer boundary. The outer boundary conditions can be expressed as:
where, the subscript 'amb' denotes the variable of ambient, H t2 denotes the combined heat transfer coefficient at the outer surface of the clothing. H m2 is the mass transfer coefficient.
III. NUMERICAL SOLUTION METHOD
In this study, the finite element method is used to develop a solution procedure for solving the governing equations. This is because of following two reasons: First, it is easier to develop a general solution procedure for a large problem like this. Second, isoparametric finite element techniques are well suited for irregularly shaped objects like human body. In order to represent complicate geometry easily, unlike Smith's model [3] and Fu's model [4] , the Cartesian coordinate system and isoparametric element are used in this study. The 6-node wedge isoperimetric element is applied to simulate the core tissue, and the 8-node block is used to simulate the other tissues. In the finite element method, the field within each element is assumed to be a continuous function of the variable in the nodes. So the element interpolation function, I. e. shape function, needs to define. Here, the linear interpolation function is used. For different element types, they are listed as follows.
A. The Shape Functions for 6-node Wedge Element
For this element type, the local coordinates are such that shown in Fig. 2 .
For ζ=-1, one obtains the lower triangle 1-2-3. The values of ξ and η of a point A are given by the surface ratio of triangle 1-A-3 and triangle 1-A-2 with respect to triangle 1-2-3 respectively. The 6-node wedge element is linear, that is, the connection of the nodes in Fig. 2 is straight. Its shape functions take the form [7] : 
B. The Shape Functions for 8-node Block Element
The most popular element form is the brick shape, with local coordinates satisfying Fig. 3 shows the 8-node brick element in local and global coordinates. The shape functions are listed as in formula (11) following. [7] The 8-node brick element is also called a linear brick element since the interpolation functions along any edge are linear (keep two of the three local coordinates constant with value 1 ± ). They look very attractive due to the simple shape functions and their intuitively attractive form for meshing purposes. 
C. The Finite Element Equations
Galerkin's method of weight residuals is used to discretize governing equations of the controlled system. The blood pressure governing equations and humidity ratio governing equations was discretized in 1-D element. Assembled the 1-D element matrixes, the pressure and humidity ratio in the nodes of the element can be solved respectively. The assembly of resulting Galerkin's formulations of tissue, blood, and air energy equations is used to solve for the thermal responses of the controlled system. There are three different element stiffness types. Assembling these element equations by direct stiffness method, a system of N linear first order differential equations in terms of N unknown temperatures and their rates of change is expressed as:
where, [K] is the stiffness (conductive) matrix, [C] is the capacitance matrix, {T} is the temperature vector, and {F} is the forcing vector denoting contribution of boundary conditions and source terms. By applying the central 
where, △t is the time step size. The (13) is a system of linear simultaneous equations which is solved by the computer for the nodal temperatures at time t+ t △ . The governing equations of heat and moisture in clothing are treated by the same method, like the tissue. After using the Galerkin's method of weight residuals, the discretized equations for water vapor, liquid water and energy transfer in the clothing can be obtained, respectively: 
Where, NE is the total element number of clothing, NBE1 and NBE2 denote boundary element numbers on the Γ 1 and theΓ 2, respectively. The human model is interfaced with the clothing model by using the boundary conditions, and the equations of the models can be solved by finite element method at each time step.
IV. SIMULATION AND VALIDATION
A. Nude Human Body
To investigate the prediction ability of the present model and validate the program, a simulation of an experiment during which nude persons were exposed for 1 hour at 43 o C , 2 hours at 18 o C , and return to 43 o C is shown in Fig.2 . The experiment was carried out by Hardy and Stolwijk [8] , and the mean skin temperature and rectal temperature were measured. The mesh division of the human body for the simulation is shown in Fig. 1 . From the Fig. 2 we can see that the present human thermoregulatory model considering more realistic geometry has good dynamic prediction ability. and simulated skin and rectal temperature
The simulated 3-D temperature distributions of human body at different time and ambient are shown in the Fig.3 . In the initial state, t=0 min., the subjects are in the 28 o C ambient, the mean skin temperature is 32.5 o C. The feet temperature is lower than other segment temperature. When the subjects enter the hot environment, 43 o C, the mean skin temperature and rectal temperature increase. At 30 min. the mean skin temperature of the subject is 35.8 o C. In the 18 o C ambient, the mean skin temperature decreases. At t=120 min., the mean skin temperature is lower than 30 o C. After 180 min, the ambient temperature changes to 43 o C, the mean skin temperature raises again. At t=190 min. the mean skin temperature reaches to 33 o C. From the 3-D figures of the human body temperature distributions, we also can see that the skin surface temperature at the head is higher, and that at the feet is lower. Inner temperature of the human body is higher than outer surface temperature because the ambient temperature is not hot enough. 
B. Clothed Human Body
In order to investigate the prediction ability of the present clothed human body model, we compared the predictions from the present model with the experimental observations reported in Ref. [9] . The experiments were carried out in climate chambers. All subjects were requested to wear the same type of T-shirt (short-sleeved, cotton) and trousers. In the initial stage, the subjects enter a cool room (room A), wearing the experimental clothing and attached with thermistors. Then, the experiment starts, the subjects move into a hot room (room B) and stay for 20 minutes. The temperature, relative humidity and air velocity in room A are 25 o C, 40% and 0.3m/s respectively, and that in room B are 36 o C, 80% and 0.1m/s, respectively. The detailed information on experimental measurements was reported by Ref. [9] . The FEM mesh division of the clothed human body is shown in Fig. 4 , and the physical parameters of clothing for computation can be founded in Ref. [10] . The experimental process is simulated. The comparisons of the simulation and the experimental results at the trunk skin and clothing are shown in Fig. 5 and Fig. 6 . From Fig.5 , it can be seen that the trunk skin temperature changes with time going. After entering room B, it increases gradually because clothing temperature increases, due to the sorption heat generation and heat exchange between clothing and ambient. From  Fig. 6 , we can see that the clothing temperature variation near the trunk. After entering room B, it rises rapidly within 2 minutes. The reason is that temperature rises fast due to the large moisture sorption rate of fiber and high environment temperature after entering the room B. The model predictions agree well with experimental data.
Figs. 7-9 are the 3-D shows of the model predictions. Fig. 7 (a)-(c) show the human body temperature distributions at t=10 min. Fig.7 (a) shows the temperature distribution on the surface of the clothed human body. We can see that the temperature at human skin is lower than that at clothing. The reason is that the human tissue has large heat capacity, so that the tissue temperature raising needs to absorb more heat energy. At the same heating condition, the temperature of the clothing is higher than that of the human skin. Fig. 7 (b) shows the human skin temperature distribution. Feet temperature is the lowest. Fig. 7 (c) shows the temperature of human body at different sections. We can see that inner temperature is higher than outer temperature.
From Fig. 8 (a) -(b), we can see the clothing temperature variations with time. The temperature is high at 10 -th min., because the high ambient temperature and humidity in the Room B.
(a) t=0 min.
(b) t=10 min. The water vapor concentration variations in clothing are shown in Fig. 9 . The concentration of water vapor is high at 10 -th min. because of the high ambient humidity in the Room B and sweat evaporation from the human body.
(b) t=10 min. The temperature for nude human body and clothed human body is predicted and compared with the experimental data in the literature. The model predictions agree well with the experimental data, indicating that it is able to provide a means of simulating the physical-physiological interactive processes in the complex thermal system of the human-clothing-environment. The 3-D shows of the human body and clothing temperature distributions can help us to understand heat and moisture transfer process in human-clothing-environment system more clearly. 
